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Edited by Robert B. RussellAbstract To shed light on the molecular features related to
cold-adaptation in serine-proteases, we have carried out molecu-
lar dynamics simulations of homologous mesophilic and psychro-
philic trypsins, with particular attention to evaluation of
intramolecular interactions and ﬂexibility.
Psychrophilic trypsins present fewer interdomain interactions
and enhanced localized ﬂexibility in regions close to the catalytic
site. Notably, these regions ﬁt well with the pattern of protein
ﬂexibility previously reported for psychrophilic elastases. Our
results indicate that speciﬁc sites within the serine-protease fold
can be considered hot spots of cold-adaptation and that psychro-
philic trypsins and elastases have independently discovered
similar molecular strategies to optimize ﬂexibility at low temper-
atures.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Some organisms have adapted to extreme environments
through the optimization of their enzymatic repertoire and sev-
eral cold-adapted enzymes have been characterized in the last
decades, presenting unique properties, attractive for funda-
mental research and novel industrial applications [1,2].
Psychrophilic enzymes are generally characterized by high
ﬂexibility, thermolability and speciﬁc activity at low tempera-
tures [1,3]. Comparative analysis of psychrophilic, mesophilic
and thermophilic enzymes suggested that diﬀerent solutions
to cold-adaptation have been ‘‘discovered’’ by diﬀerent pro-
teins. The diﬀerences in unfolding free energies between psy-
chrophilic and mesophilic enzymes are usually small and
caused by subtle structural and sequence changes with cooper-
ative and additive eﬀects. In fact, it has been observed that
some weak intramolecular interactions are missing in cold-
adapted enzymes [1,4,5].
The investigation of phylogenetically coherent groups of
organisms and highly conserved proteins, is crucial to identify*Corresponding author. Fax: +39 02 64483478.
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doi:10.1016/j.febslet.2008.02.048amino acid changes which are unambiguously linked to ther-
mal adaptation [1,6]. Critical changes for thermal adaptation
can be hidden amid those produced by genetic drift and other
eﬀectors of natural selection. In this context, the observation
that the Atlantic salmon expresses two main trypsin isoforms,
an anionic form characterized by a typical cold-adapted
behaviour (pAST, psychrophilic Atlantic salmon trypsin [7])
and a cationic mesophilic isoform (mAST, mesophilic Atlantic
salmon trypsin [8]) is particularly interesting. Therefore, pAST
and mAST are an excellent model system to study enzyme
cold-adaptation, because of the high sequence similarity and
since they belong to the same organism, as well as since
trypsins are biochemically and structurally well characterized
[7–10]. pAST was found to catalyze reactions up to 40 times
more eﬃciently at lower temperatures and it presents a lower
unfolding free-energy than mesophilic trypsins [9].
Flexibility plays a crucial role in biological systems and it is
one of the main traits of cold-adapted enzymes [1,3,4,11–20].
It has been suggested that cold-adapted enzymes are charac-
terized by high ﬂexibility of the whole structure or of distinct
regions [1,3,4]. Experimental evaluation of ﬂexibility is gener-
ally diﬃcult, making atomistic simulations a suitable alterna-
tive. In this context, it is relevant to note that in order to
carefully trace local diﬀerences in ﬂexibility, a wide sampling
of the conformational space is required [11–13,21]. The anal-
ysis of multiple trajectories can help in the identiﬁcation of
recurring features and avoiding artifacts arising from the sim-
ulation procedure. However, MD simulations longer than
1–2 ns have been reported only for a few cold-adapted en-
zymes [13,14,19].
In light of the above observations, to shed light on the
molecular features responsible for cold-adaptation in serine-
proteases, we have carried out comparative MD simulations
of a mesophilic (mAST) and a psychrophilic (pAST) trypsin
isolated from the same organism, in order to ﬁlter out as much
as possible diﬀerences which are unrelated to cold-adaptation.
To eﬃciently sample the potential energy surface, multiple
MD simulations were carried out in explicit solvent, collecting
40-ns trajectories for each protein. Results were compared to
previous data from MD simulations of psychrophilic and mes-
ophilic elastases [13], which are homologous to trypsins, to
evaluate whether there are speciﬁc sites within the serine-pro-
tease fold which can be considered key determinant of
cold-adaptation, and consequently evaluate the possibility of
molecular evolutionary convergence in the regions in which
adaptive changes occur [22].blished by Elsevier B.V. All rights reserved.
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MD simulations were performed in explicit solvent and in the iso-
baric-isothermal ensemble (NPT: 300 K and 1 bar). To improve con-
formational sampling, independent 10-ns simulations (replicas) were
carried out for each protein system, initializing the MD runs with dif-
ferent atomic velocities (details on MD calculations and analysis are in
Supplementary text S1 and S2).-2.5
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Fig. 1. Projection of simulation frames in the 3D-subspace formed by the ﬁrs
equilibrium conformations of each replica are shown with diﬀerent shades oThe mainchain root-mean-square-deviation (rmsd) was computed
using starting structures as references. For each protein, the stable re-
gion of the four replicas were joined in a concatenated trajectory,
which is representative of diﬀerent directions of sampling around the
starting structure.
The secondary structures were calculated using DSSP [23]. The root-
mean-square-ﬂuctuation (rmsf) per residue was calculated on alpha-
carbons (Ca), considering diﬀerent sets of protein conformations.-1.5
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N–H bonds [24] and their values range from 0 to 1, corresponding
to completely isotropic and completely restricted motions, respectively
(details on S2 calculation are in Ref. [13]).
Essential dynamics (ED) is based on diagonalization of the covari-
ance matrix (C) (calculated on Ca-atoms) constructed from atomic dis-
placements, resulting in a set of eigenvectors that describe the degrees
of protein freedom [18,25]. The cosine-content (c) of the C principal
components is an absolute measure, extracted from covariance analysis
and ranges between 0 (no cosine) and 1 (perfect cosine). It has been
demonstrated that insuﬃcient sampling can lead to high c values, rep-
resentative of random motions [26].
An unrooted Fitch-Margoliash phylogenetic tree was obtained using
the PHYLIP package (version 3.67) [27] on the basis of a ClustalW [28]
alignment of 54 sequences (31 trypsins and 23 elastases), and bootstrap
analysis was performed with 100 replicates.3. Results
3.1. Stability of the simulations and evaluation of conformational
sampling
Convergence and stability of the MD trajectories were evalu-
atedmonitoring some structural and energetic parameters (Sup-
plementary Tables 1S and Fig. 2S). The following analyses have
been carried out discarding the portions of each replica required
to reach stable mainchain rmsd values, to ensure that calculated
parameters reﬂect intrinsic properties of each system.
In order to gain insights into the conﬁgurations visited by
the system, a cluster analysis on the rmsd matrices and an
essential dynamics (ED) analysis, were carried out. Conforma-
tions from each independent replica were clustered separately
(Supplementary Fig. 3S), with few exceptions, suggesting thatTable 1
Average SS content in mAST, pAST and pCST trajectories and in the corre
mAST (X-ray) mAST (MD) pAST (X-ray)
Coil 53 [23.7%] 65.2 (4.7) [29.2%] 55 [24.7%]
b-sheet 71 [31.8%] 70.5 (4.0) [31.6%] 72 [32.4%]
b-bridge 8 [3.6%] 7.3 (2.2) [3.3%] 8 [3.6%]
Bend 37 [16.6%] 33.9 (5.0) [15.2%] 31 [13.9%]
Turn 30 [13.4%] 24.7 (4.4) [11%] 35 [15.7%]
a-helix 17 [7.6%] 16.2 (1.5) [7.3%] 15 [6.7%]
310-helix 7 [3.1%] 5.3 (2.3) [2.4%] 6 [2.7%]
Standard deviations and percentages are given in parenthesis and square bra
Fig. 2. 3D-representation of the SS persistence indiﬀerent initial velocities caused the trajectories to sample dif-
ferent conformational basins. Mainchain rmsd values fall in
the 0.21–0.28 nm range (Supplementary Table 2S), when clus-
ter average structures are compared, indicating that the overall
3D structure is well conserved in the diﬀerent replicas.
The ED analysis gave further information about conforma-
tional sampling: 11 (mAST), 13 (pAST) and 12 (pCST, psy-
chrophilic Chum salmon trypsin) eigenvectors were required
to explain 70% of the total motion. Generally, the ﬁrst three
eigenvectors describe a consistent part of the motion, and they
could be used as a reference subspace to analyze protein
dynamics [18,25]. The projection of simulation frames in the
3D-reference subspace was analyzed (Fig. 1), conﬁrming and
clarifying results obtained from cluster analysis. In particular,
a wide sampling of the conformational space with re-sampling
of similar conformations was achieved in our simulations,
showing that the essential subspace is well explored when con-
catenated trajectories are considered.
To further evaluate the sampling eﬃciency, we have also
computed the cosine-content of the principal components of
protein motion (Supplementary Fig. 4S). Single simulations
are often characterized by large c values in the ﬁrst eigenvec-
tors, resembling a random diﬀusion motion, while the corre-
sponding concatenated trajectories have lower or null c and
therefore adequately represent essential and signiﬁcant protein
motions.
3.2. Overall structural properties
Secondary structure (SS) elements often play a central role
for protein structure and few changes are expected to be foundsponding X-ray structures
pAST (MD) pCST (X-ray) pCST (MD)
63.4 (4.7) [28.8%] 54 [24.5%] 63.4 (4.7) [28.8%]
68.6 (4.0) [31.2%] 70 [31.8%] 68.6 (4.0) [31.2%]
5.6 (2.4) [2.5%] 8 [3.6%] 5.6 (2.4) [2.5%]
41.1 (4.8) [18.7%] 34 [15.4%] 41.1 (4.76) [18.7%]
23.6 (4.8) [10.7%] 34 [15.4%] 23.6 (4.8) [10.7%]
13.9 (0.78) [6.3%] 14 [6.4%] 13.9 (0.8) [6.3%]
3.9 (2.3) [1.8%] 6 [2.7%] 3.9 (2.3) [1.8%]
ckets, respectively.
mAST (left panel) and pAST (right panel).
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which are adapted to diﬀerent temperatures [1].
The psychrophilic trypsins show similar average SS content
during the simulations and only subtle diﬀerences can be high-
lighted when compared to the mesophilic enzyme (Table 1):
psychrophilic trypsins exhibit a lower content of b-bridges
and 310-helices and a greater number of residues in bend-like
conformations than mAST. In order to take into account dy-
namic properties, the time evolution of SS elements was ana-
lyzed and the most frequently attained SS was evaluated for
each residue, obtaining a residue-dependent proﬁle of the per-
sistence of the SS elements (Supplementary Fig. 5S). A 3D rep-
resentation of the SS persistence analysis is shown in Fig. 2,
conﬁrming that a-helices and b-strands are conserved among
psychrophilic and mesophilic trypsins, with the exception of
the a2-helix at the C-terminal extremity, which is shorter in
psychrophilic enzymes (Fig. 2, Supplementary Fig. 5S).
Remarkably, the a2-helix amino acids are strictly conserved
in the psychrophilic trypsins, whereas amino acid substitutions
are observed in mAST (R235ﬁ S/N, S236ﬁ D, I238ﬁ L,
S243ﬁ A). Moreover, the mAST region 231–234, which pre-
cede the a2-helix, is characterized by a 310-helix conformation
and features N233ﬁ I and Y234ﬁ F substitutions. The
observation that the a2-helix is involved in few interdomain
stabilizing interactions in the psychrophilic trypsins might
have functional relevance. In fact, the a2-helix is an important
structural element of the serine-protease fold, being an interdo-Table 2
Molecular environment of the a2-helix residues in mAST, pAST and pCST
mAST pAST pCST mAST X-ray mAST pA
R235* S* N* L123 L123 (66.3%) L1
P124 P124 (69.6%) P1
S125 S125 (85.2%) T1
S126
W237 W W I89 I89 (97.6%) I89
M90* M90* (94.5%) R9
H91 H91 (99.8%) H9
P92 (32.2%)
I103 I103 (93.8%) I10
M104 M104 (47.3%) M1
L105 L105 (99.2%) L1
I238* L* L* V4
I10
L105 L105 (94.2%) L1
L123 L123 (84.6%)
T241 T T W51 W51 (63.0%) W5
I89 I89 (96.8%) I89
L105 L105 (65.3%) L1
M242 M M I47* I47* (84.1%) V4
S48* S48* (76.7%) N4
W51 W51 (99.9%) W5
L1
N245* Y* – W51 W51 (98.1%) W5
K87* K87* (82.6%) R8
I89 I89 (71.7%) I89
K107 K107 (74.0%) K1
The persistence degrees are indicated in parenthesis. The amino acid compos
between the mesophilic and psychrophilic trypsins are labelled (*).main-connecting region between the C- and the N-terminal do-
main [10], and has also been suggested to inﬂuence the relative
interdomain movement, acting as a lock for the double-do-
main structure of serine-proteases [7,10].
Residues 236, 239, 240, 243, 244 are solvent exposed
(SAS > 50%) and not involved in sidechain-mediated interac-
tions with other protein regions. Notably, the S243 residue
of mAST is replaced by alanine in the psychrophilic trypsins,
increasing hydrophobicity at the protein surface. The S236 res-
idue of mAST is located in a molecular environment rich in
negatively-charged residues and is replaced by aspartate,
increasing the anionic character of psychrophilic trypsins.
The sidechains of the other a2-helix and 310-helix residues
are oriented towards the N-terminal domain or the interdo-
main loop (Table 2) and only small diﬀerences were observed.
However, the area of the surface at the interface between the
C-terminal helix and the N-terminal domain is larger in meso-
philic trypsins.
3.3. Protein ﬂexibility
In order to evaluate and compare ﬂexibility in mesophilic
and psychrophilic trypsins, the rmsf per residue was calculated
and adopted as ﬂexibility index. Other descriptors of backbone
motion are the generalized order parameters (S2) and the crys-
tallographic B-factors (Fig. 3). B-factors are usually consid-
ered as a qualitative index of ﬂexibility, but they cannot be
used consistently to evaluate diﬀerences in ﬂexibility amongST X-ray pAST pCST X-ray pCST
23 L123
24 P124 (47.9%) P124 P124 (69.4%)
25 T125 (7.9%) S125 S125 (26.2%)
I89 (83.9%) I89 I89 (88.5%)
0* R90* (79.3%) R90* R90* (85.1%)
1 H91 (98.9%) H91 H91 (97.3%)
P92 (42.1%) P92 (47.4%)
3 I103 (88.9%) I103 I103 (87.6%)
04 M104 (35.3%) M104 M104 (40.1%)
05 L105 (97.4%) L105 L105 (99.0%)
7 V47 (51.2%) V47 V47 (61.7%)
3 I103 (33.7%) I103 I103 (36.9%)
05 L105 (72.1%) L105 L105 (84.2%)
L123 (33.4%)
P124 (32.2%)
1 W51 (78.1%) W51 W51 (75.8%)
I89 (94.9%) I89 I89 (94.8%)
05 L105 (82.0%) L105 L105 (79.5%)
7* V47* (52.3%) V47* V47 (71.3%)
8* N48* (80.6%) N48* N48 (83.9%%)
1 W51 (82.5%) W51 W51 (86.3%)
05 L105 (47.8%) L105 (63.1%)
L123 (60.9%) L123 (60.1%)
1 W51 (91.5%) – –
7* R87* (61.9%)
I89 (33.6%)
07 K107 (45.3%)
ition is shown using the single-letter code and amino-acid substitutions
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Fig. 3. Comparison of ﬂexibility indexes in mAST (a) and pAST (b). Rmsf, mainchain N–H S2 and B-factors are shown in thick black, gray and thin
black lines, respectively.
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tional factors besides internal ﬂuctuations [29].
The rmsf values exhibit a good qualitative correspondence
to the other ﬂexibility indexes (Fig. 3), indicating a consis-
tent description of protein ﬂexibility. Protein regions charac-
terized by largest rmsf values generally correspond to
homologous loops in mesophilic and psychrophilic trypsins,
whereas the intensity of the ﬂuctuations can be very diﬀerent
(Fig. 3).
In order to verify its consistency, the rmsf of each protein
has been computed considering diﬀerent sets of protein confor-
mations (see Section 2). The Pearson correlation coeﬃcientwas calculated comparing the diﬀerent rmsf data sets relative
to the same system (Fig. 4, Supplementary Fig. 6S). The corre-
lation coeﬃcients among diﬀerent rmsf proﬁles decrease when
the number of sampled conformations in the MD-ensemble de-
creases, whereas when a suﬃcient number of conformations is
considered, the correlation coeﬃcient is close to 1. These re-
sults indicate that a MD-ensemble generated by a wide sam-
pling of the conformational space is required to obtain a
consistent picture of protein ﬂexibility (Fig. 4). If rmsf proﬁles
of mesophilic and psychrophilic trypsins obtained from short
MD-ensembles were compared, the results could be poorly sig-
niﬁcant.
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Fig. 4. Correlation coeﬃcients (r) between rmsf proﬁles calculated for diﬀerent subsets of the same concatenated trajectory, plotted as histograms.
The histograms show how the rmsf proﬁles correlate with proﬁle 0 (relative to the total concatenated trajectory). The hystograms in the lower panel
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ED trajectory including the eigenvectors which describe the 70% of the protein motion (1), ED trajectory including the ﬁrst three eigenvectors (2), D1
concatenated trajectory (3), D2 concatenated trajectory (4), D3 concatenated trajectory (5), D4 concatenated trajectory (6), D1D2 concatenated
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ity in mesophilic and psychrophilic trypsins, the rmsf proﬁles
of the psychrophilic trypsins were subtracted from the mAST
corresponding proﬁle (Fig. 5), determining the correspondence
between residues of mesophilic and psychrophilic trypsins
from a structural alignment obtained with the Dali algorithm
[30].
The regions characterized by rmsf-diﬀ values lower than
0.05 nm (indicating greater ﬂexibility in the psychrophilic
trypsins) or higher than 0.05 nm (greater ﬂexibility in mAST)
have been further analyzed evaluating amino acid composition
and localization in the 3D structure (Table 3 and Fig. 6a).
Notably, the regions characterized by diﬀerent ﬂexibility in
psychrophilic and mesophilic trypsins ﬁt well with previously
identiﬁed regions, which in a psychrophilic elastase isolated
from the Atlantic salmon (pSE) and a homologous mesophilic
elastase (mPE) are characterized by diverse ﬂexibility [13]
(Fig. 6b). In particular, the mesophilic trypsin mAST and
the mesophilic porcine elastase mPE are characterized by en-
hanced ﬂexibility, when compared to the psychrophilic coun-
terparts, in scattered regions distant from the active site,
such as the interdomain loop, where proline residues, con-
served in the psychrophilic serine-proteases (P130, P120) are
substituted by threonine and serine residues, respectively
(Table 3 and Fig. 6). The mesophilic enzymes are also more
ﬂexible in the calcium binding loop (73–78) and in the autolysis
loop (144–151), which exhibit diﬀerent backbone conforma-
tions in the mesophilic and psychrophilic trypsins [8].
The psychrophilic trypsin pAST and the psychrophilic sal-
mon elastase (pSE) present enhanced localized ﬂexibility in
the proximity of the catalytic site and the speciﬁcity pocket
(Table 3 and Fig. 6). In particular, amino acids 93–101 and173–179 (trypsin numbering, corresponding to pSE regions
92–100 and 170–177), which belong to loop regions interacting
with each other, are characterized by larger ﬂexibility in the
psychrophilic enzymes (Fig. 6). Notably, the 92–100 residues
in elastases have been previously suggested to inﬂuence the ac-
cess of the substrate to the catalytic site [13]. Interestingly, the
enhanced ﬂexibility of the 92–100 loop could be related to the
lack of hydrophobic or polar interactions, in cold-adapted
elastases [15] and trypsins, respectively. In both the cases, the
lack of interaction is due to the presence of short side-chain
residues, as glycines or serines. Moreover, residues of the
cold-adapted serine-proteases located in the 92–100 loop pres-
ent a greater number of interactions with the solvent than the
mesophilic counterpart, which could be implicated in the en-
hanced structural ﬂexibility. The highly ﬂexible region corre-
sponding to aminoacids 23–28 (trypsin numbering) is located
at the N-terminal extremity.
The observed localization of highly ﬂexible protein portions
in corresponding regions of the investigated trypsins and elas-
tases prompted us to carry out a phylogenetic analysis from an
alignment of trypsin and elastase sequences (Fig. 7, Supple-
mentary Fig. 7S and 8S). The sequence identity between elas-
tases and trypsins is about 35%; whereas the identity of
mAST vs. pAST, or mPE vs. pSE, is about 70% (Supplemen-
tary Fig. 7S). Results show that the separation between the
investigated psychrophilic and mesophilic trypsins, as well as
between psychrophilic and mesophilic elastases, is successive
to the separation of trypsins from elastases. Therefore, the
analysis of MD trajectories combined with the phylogenetic re-
sults indicates that psychrophilic trypsins and elastases have
independently discovered the same molecular strategy to adapt
to low temperatures.
1014 E. Papaleo et al. / FEBS Letters 582 (2008) 1008–10184. Discussion
The picture emerging from the investigation of psychrophilic
enzymes suggests that not all evolutionary strategies available
to face the negative eﬀects of low temperatures are used simul-
taneously by cold-adapted enzymes [1,4,5]. However, experi-
mental and theoretical data are still needed to support and
reﬁne current hypotheses and to increase our knowledge on-0.2
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2D-trajectory (d) are shown.the molecular basis of cold-adaptation. In this context, the sys-
tematic investigation of diﬀerent enzymatic families becomes
crucial to unravel the cold-adaptive strategies discovered by
speciﬁc families.
The present investigation, together with previous studies on
elastases [13,14], clariﬁes how distinct members of the serine-
protease family have faced the negative eﬀect of low tempera-
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Fig. 5 (continued)
E. Papaleo et al. / FEBS Letters 582 (2008) 1008–1018 1015Recently, some studies have investigated whether cold-
adapted enzymes are characterized by increased overall ﬂexi-
bility or whether they are characterized by distinct regions fea-
turing high local ﬂexibility. For example, studies on wild-type
and mutant forms of a psychrophilic a-amylase (AHA)
showed that this enzyme undergoes a two-state reversible
unfolding, supporting the view that ﬂexibility in the structure
of AHA is uniform [31]. On the contrary, the enhanced local
ﬂexibility of a loop involved in DNA recognition in uracil-
DNA glycosylases (UDG) correlates well with the kcat/Km val-ues of diﬀerent mutants of psychrophilic and mesophilic
UDGs [16].
Our results are consistent with a scenario in which both local
rigidity in regions far from the functional site and improved
ﬂexibility of regions not directly involved in catalysis but close
to functional sites can be a positive factor in the cold-adapta-
tion of psychrophilic serine-proteases, in agreement with previ-
ous suggestions obtained comparing short MD simulations of
pAST and a mammalian trypsin [15]. In the previous MD
investigation of cold-adapted trypsins [15], the authors did
Table 3
Protein regions with signiﬁcantly diﬀerent rmsf values and amino-acid substitutions between psychrophilic and mesophilic trypsins (rmsf-diﬀ lower or
greater than 0 indicate higher ﬂexibility in psychrophilic or mesophilic trypsins, respectively)
Sequence number in mAST Rmsf-diﬀ range (nm) Amino acid composition (psychrophiles) Amino acid composition (mesophile)
23–25–26–27–28 (0.10/0.05) K*–Y*–S–Q*–A* R*–N*–S–A*–S*
73–74–75–76–77–78 (0.05/0.10) I–K*–V–T*–E–G I–A*–V–N*–E–G
93–94–95–96–97–98–99–101 (0.15/0.05) N*–Y–S*–S–Y*–N–I*–N S*–Y–N*–S–R*–N–L*–N
116–117–118 (0.10/0.05) T*–Y–V S*–Y–V
129–130 (0.05/0.10) A–P* A–S*
144–145–147–148–149–150–151 (0.10/0.15) T*–M*–S–S–T*–A*–D* L*–S*–S–S–S*–N*–Y*
164–165–166 (0.05/0.10) S–Y*–S S–S*–S
173–174–179 (0.10/0.05) P–G–A* P–G–N*
221–222–223–224–225 (0.05/0.10) G–C–A–E*–P* G–C–A–Q*–R*
244–245 (0.10/0.05) S–Y* S–N*
The amino-acid composition is shown using the single-letter code and amino-acid substitutions between the mesophilic and psychrophilic trypsins are
labeled (*).
Fig. 6. Regions characterized by greater ﬂexibility in psychrophilic
(blue) or mesophilic (red) trypsins (a), and elastases (b) are highlighted.
The SS-elements, calcium ion, and catalytic triad are shown as ribbons,
spheres, and sticks, respectively. Flexibility data for elastases are taken
from Ref. [14].
1016 E. Papaleo et al. / FEBS Letters 582 (2008) 1008–1018not observed relevant diﬀerence in overall ﬂexibility between
pAST and a mammalian homologous, hypothesizing the rele-
vance of local diﬀerence in ﬂexibility. However, they stated
that the short-time scale available with MD simulations in
the past years, limited the conﬁgurational sampling and that
only longer and multiple simulations could increase the consis-
tency of local diﬀerences in ﬂexibility. Therefore, the wide
conformational sampling, the longer and multiple MD simula-
tions, the detailed description of protein ﬂexibility and the
comparison between isoforms isolated from the same organ-isms have allowed us to fully elucidate structural ﬂexibility
and to accurately map on the 3D structures the regions char-
acterized by diﬀerential ﬂexibility in the cold-adapted trypsins.
Interestingly, most of the amino acid diﬀerences between
mesophilic and psychrophilic trypsins are localized in the loops
close to the catalytic site or the speciﬁcity pocket and they
could be strongly related to cold-adaptation. Furthermore
the a2-helix, which in the psychrophilic trypsins mediates few-
er stabilizing interdomain interactions between the C- and the
N-terminal domain, is localized in the proximity of the cata-
lytic site and of the 90–99 loop.
Our results are also expected to drive site-direct mutagenesis
aimed at highlighting correlation between ﬂexibility, kinetic
parameters and thermal stability. In particular, site-direct
mutagenesis in the 93–101 and 173–179 loops and in the a2-
helix, aimed at restoring the interactions and characteristics
observed in mAST, should allow to evaluate the role of speciﬁc
amino acids on the kcat and Km values and on thermal stability.
Generally, evolution divergence is functionally constrained
so that properties more relevant for function diverge more
slowly [17]. Thus, if protein dynamics is relevant for function
it should be evolutionary constrained and several evidences
of evolutionary selection for speciﬁc dynamical characteristics
have been recently reported [12,17,18]. In particular, backbone
protein ﬂexibility proﬁles diverge slowly and are conserved at
the protein family and superfamily levels, providing indirect
evidences of the conservation of protein dynamics [17]. More-
over, the comparison of diﬀerent ubiquitins revealed a higher
degree of conservation of the dynamic properties for proteins
which are both structurally and functionally related, suggest-
ing that the optimization and conservation of protein motions
are crucial for speciﬁc biological activity [18].
In this context, the observation that the evolutionary separa-
tion between psychrophilic and mesophilic trypsins, as well as
between psychrophilic and mesophilic elastases, is successive to
the separation of trypsins from elastases, indicates that psy-
chrophilic trypsins and elastases independently discovered
the same solution to optimize protein ﬂexibility at low temper-
atures, and is a remarkable example of molecular evolutionary
convergence. In a broader context, our results suggest that en-
zymes sharing the same function and 3D fold may have to
adopt similar strategies to optimize structural stability and
ﬂexibility in order to elicit their biological function under the
challenging conditions of low temperature habitats.
Fig. 7. The unrooted phylogenetic tree was obtained with the PHYLIP package (see Section 2). Enzymes studied in this work are displayed in gray,
and some relevant bootstrap values are shown on the internal branches (for a complete description see Supplementary Fig. 8S). The names of
terminal nodes represent their entry names in the SwissProt Database with some exceptions which are explained in Supplementary Fig. 8S Sequences
name starting with ‘‘p’’ refer to enzymes, which have been demonstrated to be psychrophilic in the literature [32,33] and the suﬃx ‘‘T’’ or ‘‘E’’ refers
to trypsin and elastases, respectively (e.g. pAST, psychrophilic Atlantic salmon trypsin; pSE, psychrophilic Atlantic salmon elastase).
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